Abstract : We propose a model to account for the late acceleration of the universe. It generates an effective Dark Energy equation of state, capable of crossing the Phantom Divider without any phantom field. The model is derived by embedding the physical FRW universe in a (4 + 1)-dimensional effective spacetime, induced by a novel particle dynamics.
DE models. One can resurrect the scalar field models only at the cost of phantom fields (quintom models) [8] , with a negative kinetic term but they bring in severe instability problems and are better avoided. In this perspective, instead of looking for contrived and phenomenologically motivated DE models, it seems reasonable to explore modified gravity theories [9, 10] , some of which have shown signature of phantom divider crossing and do not suffer from any major drawbacks.
In this letter we provide a variant of the Brane-world models by extending our novel particle dynamics approach [11] , and demonstrate that the phantom-like behavior of effective negative pressure on a cosmological surface can be induced without explicitly invoking the phantom with negative kinetic term. It is well-known (for details see [10, 11, 12] ) that by embedding techniques one can relate cosmological surface dynamics (Friedmann equations) in lower (e.g., 3+1) dimensions with particle motion in a higher (e.g., 4+1) dimensional black-hole space-time. Our introduction [11] of nonminimally coupled dynamics of particles in such space-times can give rise to an effective negative pressure resulting in cosmic acceleration and the subsequent crossover of the phantom divide. Most notably, we further establish our model by an analysis of the equation of state and a determination of the relevant parameters describing the evolution of the observable universe.
Our starting point for applying the embedding method is a (4 + 1)-dimensional AdS-like space-time with metric
(1) where k is the curvature scalar and Λ 5 is the constant curvature of the spacetime which renders the metric asymptotically AdS. Here µ is a dimensionless parameter. In the case µ 2 = 1 this reduces to standard Schwarzschild-AdS metric and we have chosen units in which the speed of light is unity. Indeed, this is an effective metric which arises from a novel particle dynamics [11] , which is discussed from a different perspective in this letter.
In a space-time (1) the energy and angular momentum of a test particle of mass m are conserved; taking the particle orbit in the equatorial plane this implies
where the overdot represents a proper-time derivative. The radial equation
Observe, that inserting the radial function F (r) from eq. (1) results in an effective potential
This is equivalent to pure Schwarzschild-AdS motion with a modified velocity of light c 2 → µ 2 c 2 . Alternatively, the radial motion with effective potential (4) can be derived from our modified particle dynamics with non-minimal coupling, described by the reparametrization-invariant action
Implementing the equations of motion for the worldline variables e and λ, whilst fixing the gauge e = 1 and solving λ from
we re-obtain eq. (3), with µ 2 = 1 + l 2 /β. Interestingly, the non-minimal particle dynamics (5) can be derived from a minimal model in a space-time with one more spatial dimension, by imposing a constraint on the additional momentum component p d+1 = 0 and then performing Kaluza-Klein type decomposition. This model is defined generically by the line element
where ξ µ is a Killing vector of the d-dimensional metric g µν so that ξ µ;ν +ξ ν;µ = 0 and ξ 2 = g µν ξ µ ξ ν . Taking g µν (x) to be independent of x d+1 , and identifying λ = e −1ẋd+1 , the action becomes
Applying this to the Schwarzschild-AdS metric, with ξ µ the Killing vector of rotations in the equatorial plane, we get the non-minimal model (5) and hence the metric (1).
Having thus motivated the choice of radial function (1), we now turn to its cosmological implications. We embed a (3 + 1)-dimensional FLRW space-time (T, σ, θ, ϕ):
into the (4 + 1)-dimensional effective metric (1) [11] . We exploit the embedding mechanism with the Gauss-Codazzi junction conditions and Z 2 symmetry [11, 12] and identify r(T ) with a(T ). We then consider the physical matter density of the universe ρ to be small compared to brane tension ρ 0 [12] , to arrive at the Friedmann equations for spatially flat universe (k=0), consistent with energy-conservation of ordinary matter on the brane, as
The terms containing M (∝ a −4 ) contributes to radiation energy density of the universe (called dark radiation) which is constrained by Nucleosynthesis data to contribute to ≤ .03% of total radiation energy density [12] . We express the Hubble parameter H =ȧ/a in terms of redshift z (where 1+z = a 0 /a = 1/a) and neglect contributions from any cosmic constituent which redshifts away at the rate of radiation or faster (order of (1 + z) 4 or higher) for late time universe, to express the Friedmann equation (10) in a convenient form:
where
denote respectively the density parameters for the matter sector and for the additional terms coming from our modified gravity theory. Effect of the latter appear in Ω X and in the dimensionless constant
Observations fix H 0 = 70.5 ± 1.3 km/s/Mpc from WMAP5 data [3] and H 0 = 74.2 ± 3.6 km/s/Mpc from SHOES Team data [4] . Note that H 2 will remain positive even for a small negative value of b since, as it will turn out, Ω X is dominant only at late accelerating era (z ≤ 0.6). Eq. (12) is the major result of our letter, the prospects of which we analyze below.
Physical implications of the parameters are as follows: Ω M , sum-total of the density-fraction for luminous and dark matter contributes 0.28 ± 0.08% of total cosmic density, as fixed independently by CMB [2] and large scale structure data [15] . Hence, for a valid dark energy model, Ω X accounts for DE density. However, observations indicate a universe close to the ΛCDM model. This forces b to be small and it is natural to have a large β (closer to the normal particle, note that µ contains β in the denominator). Observationally, these values will be restricted by χ 2 fitting, which we discuss later. Finally, the most crucial part is to develop and estimate the observable parameters to show that we have a late accelerating universe where Ω X accounts for the dark energy density. We show that, consistent with observations, our candidate dark energy EOS (w X ) indeed crosses the phantom divider.
Luminosity-redshift relation: This determines dark energy density Ω X from observations. The observable quantity luminosity distance d L as a function of redshift, for our model (12) , is defined as 0 for different Ω X (with Ω M + Ω X = 1) has been shown using numerical integration. The plots show that a universe with Ω X ∼ 0.7, Ω M ∼ 0.3 is favored in this model, confirming that Ω X accounts for the dark energy density. The allowed region (green shade) gives the bound for b as −0.07 ≤ b < 0. Throughout the rest of the paper, we take a representative small negative value for b = −0.05. Once the luminosity distance is estimated, the apparent magnitude of the Supernovae can be calculated from there. The Hubble constant free distance modulus, which measures the apparent magnitude, is given by [7] (13), we have checked that the plot for this quantity too matches observations.
Age of the universe: It has the currently accepted value of 13.7 ± 0.02 Gyr [2] and (up to a certain redshift z), is expressed as In Figure 2 we numerically plot H(z)t(z) with redshift which shows that Ω X ∼ 0.7 represents the most acceptable behavior.
Deceleration parameter: This will explicitly show the late accelerating behavior. From (12) we have
.
(15) In Figure 3 , the deceleration parameter has been plotted with redshift for Ω X ∼ 0.7, Ω M ∼ 0.3. The plot confirms that our model indeed results in an early decelerating and late accelerating universe. Moreover, onset of the recent accelerating phase, when the universe was ∼ 60% of its present size (z = 0.6), is also confirmed by our model.
Equation of state (EOS):
Effective EOS of DE in our model is The expression has been obtained by binomial expansion considering small b and dropping terms of order (1 + z) 4 or higher, as before. Obviously, since b is negative and nonzero, the effective EOS of dark energy candidate satisfies w X < −1. So it crosses the phantom divide w DE = −1. In Figure 4 , the effective EOS parameter of dark energy with redshift has been shown for different values of Ω X . Latest WMAP5 data constrains the lower bound of the dark energy EOS today to be −1.11 < w DE [3] . This sets the lower bound of b at (−.15 ≤ b), which is way below its lower bound (−.07 ≤ b) as predicted before from the luminosity-redshift relation. This model with (−.07 ≤ b < 0) will thus fit well with more precise bound for the EOS available in future.
Statefinder parameters {r, s}: The parameters
can distinguish dynamical models from ΛCDM. In our model, {r, s} pair is
In the limit b = 0, the {r, s} pair is just (r = 1, s = 0) and our model goes over to ΛCDM for which the r versus s plot is just a point. But, so far as b is non-trivial (as in the present case), the {r, s} pair can distinguish our alternative gravity model from ΛCDM. In figures 5 and 6 we plot r versus s and q respectively. The ones with Ω X = 0.7 are the most favored plots in our model. For the sake of comparison, we mention two interesting features: In Figure 5 , the lowermost plot resembles Chaplygin gas model [7] while the plots do not show any feature for quintessence models. In Figure 6 , the lowermost plot reproduces similarity with Brane I model of [10] which proposed ΛCDM as an outcome of braneworld gravity.
Several aspects of the proposed framework can be investigated further. The parameters used in the model can be constrained observationally by using maximum likelihood method involving the minimization of the function
, where d L (z) th contains the parameters used in a specific theory, N is the number of Supernovae (taken as 157 for the most reliable Gold dataset) and σ i are the 1σ error from observational method used [7] . Observationally, this is the most accurate probe of Ω DE and will further constrain the parameters used in our model. Further, the variable EOS may be reflected in Integrated Sachs-Wolfe (ISW) effect, which will serve as another test for the model. Studying features related to perturbations in this cosmological framework is another open issue. These aspects will be dealt with in due course.
To conclude, in our modified gravity scenario, induced by a higher dimensional non-minimal particle dynamics framework, one can have a phantom dark energy model without the phantom. Our model is qualitatively distinct, but not quantitatively far off, from ΛCDM model during recent times. Hence all the positive features of ΛCDM along with a phantom behavior (without the problems related to the negative kinetic term) can be accommodated in our model. Compared to earlier works in this line, we present an intuitively simple generalization of particle dynamics which results in cosmologically interesting features. We also perform a rigorous analysis of the observational aspects of dark energy, which is a hot topic in present-day cosmology.
